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The aim of the thesis is to create a radio propagation channel model for commu-
nication between unmanned aerial vehicles (UAVs) during emergency scenarios.
The propagation channel model is designed at 2.4 GHz based on ray-tracing
simulations performed over the Sendai City terrain, Japan and over the sea.
During the post-disaster scenario with the loss of communication infrastructure
and loss of power, it is essential to provide a means of communication to the
people in the affected area. One of the possible solutions is to provide for a relay
link from a functioning base station to the affected area using unmanned aerial
vehicles. The relay link is established for every 3 km such that each UAV is
circling with a radius of about 100 m over a given area. To establish such relay
links, characterization of the radio propagation channel is essential in designing
the communication systems.
The path loss at the desired frequency, effect of various multipath components
occurring based on the terrain, small scale fading, the effect of Doppler shift due to
the movement of the UAVs and the delay dispersion are characterized. The excess
delay and coherence bandwidth are compared to the guard interval and sub-carrier
spacing of IEEE 802.11g/n and 802.16 WiMAX standards. The channel modelling
is performed for different altitudes of UAV operation (150 m and 500 m) for both
horizontal and vertical polarizations of transmitting and receiving fields. The
guard interval of 802.16 WiMAX systems is sufficient to prevent inter-symbol
interference for all UAV propagation scenarios. Frequency flat fading occurs
for each Orthogonal Frequency Division Multiplexing (OFDM) sub-carrier and
frequency selective fading occurs over the entire channel bandwidth. In case of
802.11g/n systems, the guard interval is not sufficient for all propagation scenarios
and flat fading for OFDM sub-carriers occurs at UAV altitudes of 150 m for
typical cases. The effect of Doppler shift is detrimental for 802.16 OFDM systems.
Keywords: UAV relay, unmanned aerial vehicles, aerial propagation,
radio propagation channel for UAV relays, emergency communica-
tions
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1 Introduction
1.1 Motivation
In the current scenario, disasters like earthquakes, hurricanes, etc. leave a devastat-
ing imprint on the affected area. In this era where communication has become an
invaluable requirement amongst people, emergency communications during such dis-
asters play a major role in the response and recovery of the affected region. Disasters
leave a trail of damages including that of power and communication infrastructure
which will take time to be restored. Individual terminals like mobile phones are more
likely to survive after the disaster as compared to larger infrastructure. Providing
the people with access to a network for communication in the immediate aftermath
of a disaster will go in a long way in the recovery process. The prime advantage of
such communications is that it will provide a means of communication to the first
response team and also for the people in the affected area to communicate with the
authorities for help, to be provided with information or to contact people outside
the affected area. One of the solutions to provide emergency communications is
to provide connectivity by means of aerial relay links as the base stations in the
affected area are devoid of power supply or heavily congested. To design suitable
communication systems for the relay links, the propagation channel between the
relays needs to be characterized. Hence, the objective of the thesis is to create a
channel model to characterize relay links between unmanned aerial vehicles.
1.2 Airborne emergency communication technologies
The easiest way to restore communication links during emergency scenarios is by
using airborne devices due to their quick deployment as accessibility to the affected
areas may not be feasible for ground based solutions. There are a wide variety of
options which provide for airborne relay links to connect the people in the affected
area. Some of the feasible technologies mentioned in [1] are as follows:
• Small unmanned aerial vehicles (SUAVs) which are small, hand-launched and
battery powered. They are capable of flying upto 150 m above ground level.
Since they are small, they can support a single service or a single frequency
band of operation for cellular services. They can also be pre-deployed or de-
ployed easily in case of emergencies and they can stay airborne for several
hours.
• Weather balloons can also be used as repeaters and allow use of more than
one frequency band as they can bridge different repeater technologies but they
cannot remain airborne for a very long time and have to be relaunched fre-
quently.
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• High Altitude, Long Endurance (HALE) unmanned vehicles which operate at
higher altitudes (greater than 9100 m). They can operate for longer durations
and carry larger payloads. They also can support geographically directed com-
munications resulting in decrease of potential harmful interference and also in
increase in capacity.
• Deployable suitcase systems which comprise of suitcase transceivers placed on
low flying aircrafts can be used as repeaters to provide for relay links.
Technologies like quick-mounted antennas, repeaters, transmitter on wheels and
satellite technologies are also potential technologies which can be used for emergency
communications.
1.3 Requirements and challenges for emergency communi-
cation systems
This section deals with the challenges and requirements necessary to establish a
reliable communication system accessible to both the rescue workers as well as the
public in the affected area in the post-disaster scenario. The contents of this section
are primarily based on [1, 2].
Communication acts as a backbone for emergency response. It affects the reaction
time, command and control, response, recovery and operational efficiency of the
rescue workers who are the first responders in case of any type of disaster. The
speed of recovery is of very high priority in case of any emergency situation. Hence,
there is a need to improve the communication infrastructure to cater to the people
in the affected area and to provide voice, broadband connectivity and high speed
data transfer to the affected regions. Some possible solutions to provide emergency
communications are amateur radio, Citizen’s Band radio, satellites and mobile cell
sites. In the post disaster scenario, power might not be available for around 6-8 days
which in turn affects the restoration and repair work of the necessary infrastructure.
This could occur in the location of base stations or the infrastructure at the base
stations may be damaged which will take time to recover.
The primary concerns regarding the implementation of emergency communication
systems is to identify the target beneficiaries and also type of technology services
to be provided to the people. Some possible uses of airborne devices for emergency
communications are to provide for disaster reconnaissance, to provide real time video
from the air, monitoring, rescue missions trunking and communication systems. It
is also important that the day to day communication devices are operational.
Currently, in the United States, air borne repeaters with broadband multi-frequency
antennas mounted on civil air patrol (CAP) aircrafts are used to connect to handheld
radios used by guards during recovery. It is also important to provide information to
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people regarding availability and location of resources. Wide area VHF communica-
tions are used by fire fighters for communication purposes. The cell phone networks
are usually saturated due to large amount of users trying to access the system at
the same time. Test system operations have already been performed at VHF, UHF
and the 700/800 MHz band [2].
There is also a need to implement the terrestrial based roll call technology in air-
borne devices to identify the available functioning resources at a particular location
and accessibility issues faced by the terrestrial system are overcome. VHF and UHF
technologies are already available for land communications and Very Small Aperture
Terminals (VSATs) are also used to provide for communication links. The networks
have a high possibility to get overloaded. Hence there is a need to provide for a
survivable network especially for the first responders.
The emergency call services should be improved from only voice to text messages,
etc. A disadvantage of such systems is that they have limited capability providing
only emergency communication to the authorities. A solution to such emergency
communications is to design hastily formed networks which comprise of technolo-
gies like satellite communications, Wi-Fi, WiMAX (Worldwide Interoperability for
Microwave Access), broadband internet and Voice over Internet Protocol (VOIP)
technologies. These systems provide for an airborne wireless delivery option.
It is also important to identify the hotspots where coverage is required and instead
of a single communication system, an ecosystem comprising of various platforms is
preferred to provide a wide variety of services. Interoperability between various sys-
tems must also be considered so that there is a seamless integration between various
technologies. Factors to be decided in implementation of such airborne communi-
cation technologies is to identify the scale of coverage of various platforms, type
of payloads, their power consumption and scalability. With airborne technologies,
new applications can also be delivered to smartphones. An inherent feature of the
systems should be priority access to the network and queueing so that the people
in immediate need and the first responders and rescue workers are provided with
connectivity immediately. Situational awareness is also to be provided along with
broadcast capability. The technology must be such that any low cost handset avail-
able could be used to access the network. A possibility is that the deployed network
is initially provided to the first responders and rescue workers and then made avail-
able for public usage.
In the USA, the VHF/UHF/800 MHz/900 MHz frequencies can be used during such
a scenario. The frequencies can by shared or reused with close spacing. It is very
critical to avoid interference and the height of the system plays a major role. It is
also important to limit the use of interoperability channels.
Another practical issue is the altitude of such airborne devices. A higher altitude
provides for a wider footprint but then causes cell breathing which results in inter-
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ference between various active devices. As the altitude of the airborne devices is
decreased from satellite altitudes, the coverage and power levels to be transmitted
are reduced. Lower altitudes provide smaller footprint and greater frequency reuse.
An altitude between 300 m to 1500 m would be optimal for such scenarios. As the
altitude increases, the interference radius also increases. While the coverage area
and interference increases, path loss to target regions is also affected. The altitude
also shouldn’t be too low to restrict coverage.
The systems should be rugged and the aim should be to design the best possible
solution for maximum number of people. Some people in the neighbouring area
may be affected by interference. The limits and thresholds of interference should be
decided based on the requirement.
Hence, with these challenges in mind, an aerial relay system needs to be established
to provide for emergency communications.
1.4 System design challenges
In order to design emergency communication systems, the onboard electronics, op-
erating frequency, technologies, coverage, payload size, weight, etc. need to be fi-
nalized. This section deals with some system level challenges in designing such
communication systems.
The packaging of the electronics is also important since it is to operate on an air-
borne device and hence affects the scale onboard, coverage and number of available
communication platforms. The RF front end systems should have high capability
to provide a direct link from the source to destination or use repeaters for such
systems. Directional antennas can also be used to identify the spot size. The range,
bandwidth etc. are to be decided based on the requirements.
One possible system could be to implement a self contained standalone cell network
with dynamic spectrum reuse and broadcast capability. These are suitcase systems
supporting 40-50 users and connecting to satellites. Mesh networks can be imple-
mented between such devices.
The frequency availability and licensing issues are to be addressed so that the reg-
ulatory issues are sorted beforehand and the system requirements of spectrum and
bandwidth are decided so that the system can be designed. It is also important
to allocate frequencies for emergency communications as spectrum availability is
limited and the licensing issues need to be preplanned with the coordination of the
regulatory authorities.
From a commercial standpoint, it is important to provide services ranging from 2G
to 4G LTE over the airborne systems to provide coverage for the people. For such
a system, a reliable high capacity backhaul is required so that the services can be
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provided without any interruptions. Broad area coverage also results in larger traffic
and also the latencies are higher due to the relay links. It is also required to provide
an SOS mode wherein any subscriber can connect to the network to contact the
emergency services. The link budgets, power management and Doppler effect are to
be considered and addressed. It is also necessary to reduce the harmful interference
which depends on the propagation characteristics. Restoring ground assets should be
a priority. Very high aerial platforms drain the handset power. Hence, the altitude
of the transmitters shouldn’t be too high. Licensing coordination is required with
the licensees in the area. Enough separation between cell sites is also required.
Priority access must be provided along with flexibility in platforms. The restoration
of ground platform without interference from the airborne platform with seamless
handoff is vital in resuming the terrestrial communications.
1.5 Objective of the project
In this project, relay links using unmanned aerial vehicles (UAVs) are considered
providing cellular connectivity to the disaster stricken area from an operating base
station. For developing a communication relay link using UAVs, the radio propaga-
tion channel must be characterized between two UAVs at the required frequencies of
operation so that the communication systems can be developed to meet the require-
ments. Establishing a relay link using UAVs involves communication via two types
of propagation channels, i.e. the air-ground channel which is used to characterize
the channel between an existing base station and the UAV as well as between the
UAV and mobile terminals and the air-air channel between two unmanned aerial
vehicles. Already available research provides for channel models characterizing the
air-ground channels for various scenarios. There are no validated propagation chan-
nel models characterizing the radio wave propagation between the UAV relays. The
objective of the thesis is to develop a propagation channel model for the UAV-UAV
relay links. The designed channel model is developed based on ray tracing analysis
for various terrains including cities, sea and hilly terrain.
Fig. 1: Emergency communication link between two UAVs.
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Fig. 2: Relay link using multiple UAVs.
The UAVs are to be operated such that they circle over a specific area with a ra-
dius of about 100 m. The performance of the UAV-UAV relay link is compared for
different operational altitudes of 150 m and 500 m above the terrain level and for
both horizontal and vertical polarizations of transmitting and receiving fields. A
schematic representation of communication between two UAVs is shown in Fig. 1
and Fig. 2 depicts a relay link formed by UAVs. The number of relay UAVs de-
pends upon the deployment scenario. The 2.4 GHz frequency band is proposed by
National Institute of Information and Communications Technology (NICT), Japan
for establishment of the relay links. The final frequency band decision is expected
to be taken in the World Radio Conference (WRC) in 2015.
The outcome of the designed propagation channel model is to provide and analyze
the following:
1. Path loss model at the desired operating frequencies,
2. Effect of fading due to multipath components,
3. Effect of Doppler shift due to the movement of the UAVs, and
4. Characteristics the propagation channel for different UAV heights and both
polarizations.
The organization of the thesis is as follows. Chapter 2 discusses the propagation
basics required for understanding the propagation channel and the basics of UAV
channels is discussed in Chapter 3. Chapter 4 describes the simulations and Chapters
5 and 6 discuss the propagation channel model for UAV-UAV links and conclusion
respectively.
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2 Propagation basics
2.1 Introduction
Communication between a transmitter and receiver is largely dependent on the
propagation channel characteristics between them. Hence, there is a need to create
accurate generalized models to characterize the propagation channel. The propaga-
tion channel is usually characterized in a statistical manner based on measurements.
This chapter is based on [3–6].
2.1.1 Propagation mechanisms
The phenomena encountered by a radio wave when it propagates from the trans-
mitter to the receiver can be classified into the following namely:
• Free space propagation.
• Reflection from walls of buildings and smooth surfaces.
• Diffraction from building edges, rooftops and hills.
• Scattering from rough surfaces which are smaller than the wavelength (e.g.
sea, rough ground, tree leaves and branches).
For a given link between a transmitter and receiver, the electromagnetic wave can
travel in multiple paths due to the various propagation mechanisms listed above.
These mechanisms are described in detail in Sections 2.2 to 2.6.
2.1.2 Elements of statistical channel model
Statistical models are required to characterize the propagation channel for system
design. These models can be broadly classified into three categories based on the
phenomenon which they characterize.
• Large scale path loss models are used to estimate the average signal strength for
a given distance (electrically large) between the transmitter and the receiver.
• Shadowing model is used to estimate the attenuation of the signal due to
electrically large obstacles.
• Small scale models are used to predict the fading characteristics, i.e. the fluc-
tuation of the field strengths in the near vicinity of the receiver for very short
distances (few wavelengths).
Sections 2.8 to 2.11 describe the elements used to characterize the channel model in
detail.
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2.2 Free space propagation
When an electromagnetic wave propagates through free space, i.e. the environment
around the transmitter and the receiver is uncluttered, the wave is attenuated as
the distance increases. The free space path loss between the transmitter and the
receiver is given by the Friis formula as follows.
Consider a transmitter radiating a power Pt with an antenna gain of Gt. Hence,
the EIRP or the equivalent isotropic radiated power from the transmitter which
is defined as the power an isotropic antenna would produce with the peak power
density in the direction of maximum antenna gain and is given by
EIRP = PtGt (1)
At a distance of d from the transmitter, the power density is given by the expression
S =
EIRP
4pid2
(2)
The gain of the receiver antenna is related to the effective aperture which represents
the effective area of the receiver to receive the incoming signal. If Gr is the gain of
the receiver antenna, the effective aperture given by Ae
Ae =
λ2Gr
4pi
(3)
where λ refers to the wavelength.
Hence, the received power at the receiver is
Pr = EIRP × Ae = PtGtGrλ
2
(4pid)2
(4)
From the expression for the received power, the free space path loss can be computed
as the ratio of the received power to that of the transmitted power and is usually
expressed in decibels. If the gain of both the transmitter and receiver antennas are
assumed to be 1, the path loss is expressed as
PL =
λ2
(4pid)2
(5)
2.3 Reflection
Whenever an electromagnetic wave comes into contact with a smooth surface, i.e.
the surface is very large as compared to the wavelength, a portion of the wave is
transmitted and another portion is reflected back in the incident medium. This
reflected component from a surface is called as the specular component and is one
of the primary components of a multipath environment. The signal strength of the
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reflected wave depends on two factors namely, the angle of incidence and the elec-
tric parameters of the surface, i.e. the complex relative permittivity of the dielectric
material. The angle of incidence and reflection are based on laws of reflection. If
the reflecting surface is a metal, i.e. a perfect electric conductor (PEC), the entire
incident signal is reflected according to the laws of reflection whereas when the sur-
face is a dielectric, it is lossy and the reflected signal is reduced in strength.
Fig. 3: Oblique plane wave incidence on a smooth boundary [3].
The strength of the reflected and transmitted waves are determined by the reflection
and transmission coefficients which are dependent on the factors mentioned above.
Fig. 3 shows the refection of a plane wave when it is incident on a smooth surface.
The reflection coefficient is the ratio of the reflected electric field to the incident
electric field. They are also dependent on the polarization of the incoming signal,
i.e. the direction of the incident electric field and classified as transverse electric
(TE) and transverse magnetic (TM) and are given by the expressions [3]
RTE =
sin θi −
√
− cos2 θi
sin θi +
√
− cos2 θi
RTM =
 sin θi −
√
− cos2 θi
 sin θi +
√
− cos2 θi
(6)
TTE =
2
√
− cos2 θi
sin θi +
√
− cos2 θi
TTM =
2
√
− cos2 θi
 sin θi +
√
− cos2 θi
(7)
In equations (6) and (7), the complex relative permittivity is defined by
 = 
′
r − j
′′
r = 
′
r − j
σeff
ω0
(8)
where ω refers to the angular frequency of the propagating wave and σeff refers to
the effective conductivity of the dielectric.
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It can be observed that, when the angle of incidence increases from 0◦ to 90◦, the
magnitude reflection coefficient for the vertical polarization decreases and reaches
a minimum value for a particular angle of incidence called Brewster’s angle after
which again it increases. This also results in a phase change in the reflected signal.
Brewster’s angle depends on the refractive indices of the medium and hence the
relative permittivity and is defined by the formula
θb = tan
−1 n2
n1
(9)
where n1 and n2 refer to the refractive indices of the mediums. In case of reflection
from obstacles like buildings and ground, n1 is 1 due to free space and n2 refers to
the refractive index of the object and hence its relative permittivity. The refractive
index is equal to the square root of the relative permittivity as the relative perme-
ability µr is considered as 1.
Table 1 provides the standard electrical parameters of ground and water at 2 GHz [7].
Table 1: Typical Electrical Parameters at 2 GHz [7]
Surface Effective conductivity (S/m) Relative permittivity
Very dry ground 0.00075 3
Medium dry ground 0.125 15
Wet ground 0.4 25-30
Sea water 6 70
Fresh water 0.6 80
2.4 Two ray model
The free space path loss model is valid only when there is an unobstructed line of
sight (LoS) path between the transmitter and the receiver and no objects in the
first Fresnel zone. In a typical environment, unless highly directive and narrow
beam antennas are used at both the transmitter and receiver, multiple paths exist
between the transmitter and receiver. Hence, a generalized two ray model is used
to characterize the channel where the received signal consists of a LoS component
and a component resulting from the ground reflections. Although the power in the
electromagnetic wave is spread over the Fresnel zone, it is difficult to model them in
case of large propagation scenarios due to their computational complexity. Hence,
ray theory is used to model the radio waves as rays to describe the propagation.
Let a transmitter and receiver be placed at heights ht and hr respectively separated
by a horizontal distance d as shown in Fig. 4. The LoS path between the transmitter
and receiver has a distance of ddir and is the first component arriving at the receiver.
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Fig. 4: Two ray model.
The reflected component travels towards the ground from the transmitter and gets
reflected at a point on the ground based on the laws of reflection and then reaches
the receiver. The total distance covered by the reflected ray is represented by dref .
Since the path covered by the reflected ray is longer than that of the direct ray,
there is an excess delay at the receiver after the arrival of the direct component. In
practice, there may be more than one reflected ray arriving at the receiver depending
upon the terrain profile.
Consider E0 as the voltage at the input of the transmitter antenna port and let
f1(θ1) and f2(θ2) represent the radiation pattern of the transmitter and receiver
antennas respectively where θ1 and θ2 refer to the direction of the transmitted and
received paths at the corresponding antennas. The electric field at the receiver due
to the direct component for both TE and TM polarizations can be expressed as
Edirect = E0
λ
4piddir
e−jkddirf1(θ1)f2(θ2) (10)
The transmitter radiates in all directions depending upon the radiation pattern of
the transmitter antenna, f1(θ1). Apart from the direct ray that reaches the receiver
directly, the signal is also transmitted towards the ground which are then reflected
back from the surface of the earth based on the laws of reflection. To characterize the
reflection from the ground, the incident ray is considered to be a plane wave locally
and the reflection coefficient is computed as mentioned in Section 2.3 to calculate
the field strength of the corresponding reflected path at the receiver. Hence, the
received signal of a ground reflected component is given by
Eref = RE0
λ
4pidref
e−jkdreff1(θ1)f2(θ2) (11)
where R refers to the reflection coefficient and is calculated based on the angle of
incidence and the electrical parameters of the ground at the corresponding location.
It depends on the polarization of the incident wave. If isotropic antennas are used,
then the channel can be characterized independent of the antenna effects, i.e. f1(θ1)
and f2(θ2) are equal to 1.
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Thus, the total field at the receiver is given by the vector sum of the individual fields
produced by different components as
Etot = Edirect + Eref = E0
(
λ
4pi
)(
e−jkddir
ddir
+R
e−jkdref
dref
)
(12)
From equation (12), it can be seen that the overall received power (|Etot|2) depends
upon the phase in which the different components combine. If the transmitted power
is known, the received power can then be calculated for the given link.
2.5 Diffraction
The concept of diffraction has its basis in the Huygens principle. According to the
Huygens principle, every point on a wavefront produces spherical wavelets which
results in a new secondary wavefront along the direction of propagation. Diffraction
occurs when an incident wave encounters a sharp edge like building rooftops, edges
in urban environments and hills in rural environments. Due to the presence of the
secondary wavelets, even though LoS path is not available due to the presence of an
obstacle, the wave propagates to the region behind the obstacle as shown in Fig. 5.
This phenomenon is usually described as bending of the propagating wave around
an obstacle.
The extent of diffraction depends upon the incident signal and the characteristics
of the obstacle and the extent to which it obstructs the Fresnel zone. The uniform
geometric theory of diffraction is used to characterize the diffraction and compute
the field strengths in shadowed locations using diffraction coefficients which are
also dependant on the polarization of the wave. In case of propagation over hilly
terrain, when an incident ray bends over a hill top, the received signal strength will
be minimal at the valley on the other side of the hill and increase as the height
increases. This effect is similar in case of propagation in urban environment with
large buildings.
2.6 Scattering
Scattering is a phenomenon occurring when the propagating wave encounters a rough
surface. As level of roughness increases, the amount of scattering increases and the
energy from the specular reflected component is reduced. It occurs when the size of
the object or obstacle is comparable to that of the wavelength of the incident wave.
The amount of scattering increases for angle of incidence varying from the grazing
angle to perpendicular incidence.
Consider two adjacent propagating waves impinging a smooth surface. As the sur-
face of the obstacle is smooth, the phase shift between the two adjacent waves is
similar whereas in case of rough surfaces, the distance travelled by one wave might
be larger as compared to the other due to the roughness of the surface. Hence as the
level of roughness is higher, the phase shift also increases. Generally phase shifts of
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Fig. 5: Bending of incident wave due to diffraction : Huygens principle [6].
upto 90◦ are considered as smooth whereas to model the propagation phenomenon
more accurately, a criterion called the Rayleigh criterion is used to characterize
whether a given surface is rough or not. The Rayleigh criterion is defined by the
formula
∆h =
λ
8 cos θi
(13)
where ∆h refers to the deviation in height in the surface, λ the wavelength and θi
refers to the angle of incidence. The Rayleigh criterion defines the surface as rough
if the deviation in phase shift is greater than λ/8. Fig. 6 shows the impact of surface
roughness on scattering.
Fig. 6: Scattering due to surface roughness [3].
The effect of scattering on the specular reflected component can be characterized
by a roughness factor which when multiplied with the reflection coefficient of the
specular component, provides for the reduced signal strength of the reflected ray.
The roughness factor can be characterized as a gaussian distributed random variable
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for a given height with local mean and a standard deviation given by σs as
ρs = exp
[
−8
(
piσs sin θi
λ
)2]
(14)
Based on measured results, the formula for surface roughness was modified as
ρs = exp
[
−8
(
piσs sin θi
λ
)2]
I0
[
−8
(
piσs sin θi
λ
)2]
(15)
where I0 refers to the Bessel function of the zeroth order and first kind [4].
Hence, the reflection coefficient of the specular component can be given by
Rrough = ρsR (16)
In case of urban propagation, structures like walls and roofs of buildings are not
smooth and contain irregularities like windows, etc. These irregularities also cause
scattering of the incident radiation instead of a single specular component and con-
tributes to the total field at a receiver location. If objects like vehicles are present
on the road, they also contribute to scattering of the incident signal.
2.7 Depolarization
The polarization of a propagating radio wave is defined by the direction of the electric
field vector. Every antenna radiates the electromagnetic wave with a particular
polarization. In case of co-polarization, the polarization of the receiver antenna
is the same as that of the transmit antenna. In case of cross-polarization, the
polarization of the receiver antenna is orthogonal to that of the transmit antenna.
Due to the effect of scattering and diffraction, along with attenuation of the signal,
the polarization of the signal might undergo changes and hence at the receiver, both
the co-polarized and the cross-polarized components may be present even though the
signal was transmitted in a particular polarization. This is known as depolarization
of the signal. This can also occur due to small objects like cars, posts, etc. The
signal level of the cross polarized component is usually lower than that of the co-
polarized component but in some cases of mobile reception, both the components
may be of near equal strength [5].
2.8 Large scale path loss model
As we have seen in the earlier sections on how the various environmental phenom-
ena affect the propagation of radio waves, it is important to have parameters to
characterize their impact on system design. The large scale path loss model is one
such parameter used to characterize the path loss as a function of the log-distance
between the transmitter and the receiver. The path loss is expressed in decibel scale
as
PL(dB) = PL0(dB) + n10 log d (17)
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where d is the Tx-Rx distance in metres, PL is the path loss for distance d, n
refers to the path loss exponent which depends upon the environment clutter and
PL0 refers to the path loss at a close-in distance (e.g. 1 m) which provides the
y-intercept of the plot. The reference distance can also be in kilometres in which
case the distance d is also in km. In practical scenarios, when path loss modelling
is done, the small area average is plotted and a least mean squared (LMS) error fit
is used to create the path loss model and the corresponding parameters. When the
order of distances are small, the path loss at 1 m distance is computed from the free
space model and used as the y-intercept for the model. When the order of distances
is large, the measurement data could be used for the LMS fit for the data. The
antenna effects like directivity are decoupled from the measured data to create the
path loss model.
2.9 Shadowing
The path loss for a given distance varies for different locations. This is primarily
due to the change in the surrounding environment between the different locations
or presence of obstacles which attenuates the signal passing through them. This
deviation in the path loss is known as shadowing. It affects the signal strength
of the various multipath components and hence, creates variations in the path loss.
This additional path loss is characterized by a Gaussian distributed random variable
X(dB) with a standard deviation of σ and represents the effect of shadowing. This
is known as log-normal shadowing. Hence, the path loss formula is modified as
PL(dB) = PL0(dB) + n10 log d+X(dB) (18)
2.10 Impulse response
The impulse response is a metric used to characterize the performance of a channel
for a given input signal. It is primarily used for the wideband characterization of
systems. The impulse response is the dual of the frequency response of the channel
and hence in field measurements, the frequency response is obtained and the impulse
response is then obtained using inverse Fourier transform. This is due to the fact
that the channel is modelled as a linear filter with a time varying impulse response.
The time variation is primarily due to the motion of the receiver or change in the
environment hence altering the channel characteristics.
The output signal y(t) for a given input signal x(t) at a given time instant t can be
obtained by convolving the input signal with the impulse response of the channel
h(d, t) where d refers to the distance due to the motion of the receiver.
y(t) = x(t) ∗ h(d, t) =
∫ ∞
−∞
x(τ)h(d, t− τ) (19)
To simplify the characterization of the channel impulse response, the channel is
assumed as time invariant and can be expressed as the sum of the different multipath
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Fig. 7: Impulse response of a channel [4].
components with varying amplitude, phase and arrival time and expressed as
h(t) =
N∑
i=1
aie
jφiδ(t− τi), (20)
where h(t) refers to the impulse response at a given time instant, the number of
multipath components varying from 1 to N , aie
jφi refers to the complex amplitude
and phase of the multipath component and τi refers to the delay of the i
th multipath
component with respect to the first arriving component.
The power delay profile (PDP) is defined as the absolute square of the impulse
response and shows the relative strength of each multipath component compared to
the first arriving component.
2.11 Small scale fading
As we have seen in Sections 2.3 - 2.6, the effect of reflection, diffraction and scattering
result in reception of multipath components at the receiver. The free space model
and other shadowing and path loss models [3–6] are used to characterize the large
scale path loss. Another major phenomenon which has to be characterized is the
small scale fading. The impact of small scale fading can be broadly classified as [4]
• Multipath fading which refers to the fluctuation in the received signal due to
the combining of various multipath components which arrive with different
phases.
• Doppler dispersion which refers to the deviation or spread in the frequency of
the received signal due to the relative motion of the transmitter and receiver
as well as the motion of the objects in the surrounding.
• Delay dispersion which refers to the delayed arrival of the various multipath
components at the receiver resulting in spreading of the received signal.
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2.11.1 Multipath fading
At the receiver, the received signal comprises of different components arriving from
different directions. The total received signal strength at a given location is com-
puted by the sum of the individual field strengths of the various multipath compo-
nents arriving at the receiver. Hence, the total field is expressed as
Etot =
∑
i
Eie
jβli (21)
where β is the wave number given by 2pi
λ
and li refers to the length of each path of
taken by the signal to arrive at the receiver and Ei refers to the field strength at
the receiver for the corresponding arrival path. The direct ray which has the short-
est path length is the least attenuated whereas the signal strength of all the other
paths occurring due to reflection, diffraction or scattering are attenuated due to the
corresponding phenomenon. The total path length of each of the multipath compo-
nents is greater than that of the direct component and hence, their corresponding
field strength is also lower due to the interactions of the wave with obstacles in the
propagating path along with the excess distance travelled. It can be observed that
when all these components combine in phase, due to the various path lengths, the
overall field strength can be increased or decreased depending on whether the phases
combine in a constructive or destructive manner. If the receiver is moved by a short
distance, the length of the arrival paths change and also the phase especially when
the frequency of the propagating wave is high as the wavelength is very small as
compared to the propagation distance. This results in a change in the overall field
strength as compared to the previous location and this phenomenon is called small
scale fading.
To characterize the effect of small scale fading, various types of fading distributions
are used depending upon the scenario. Some common fading distributions are given
below.
Rayleigh distribution The Rayleigh distribution is used to characterize small
scale fading of a signal when there is no LoS component at the receiver or to char-
acterize the fading of a particular multipath component. The probability density
function (PDF) and cumulative distribution function (CDF) of the Rayleigh distri-
bution are given by
PDF : p(r) =
{
r
σ2
exp
(
− r2
2σ2
)
for (0 ≤ r ≤ ∞)
0 for (r < 0)
, (22)
CDF : P (r) = 1− exp
(
− r
2
2σ2
)
. (23)
where r is a random variable representing the amplitude of a complex number whose
real and imaginary parts are random variables with normal distribution.
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Rician distribution The Rician distribution is another probability distribution
which is primarily used to characterize small scale fading in the presence of a LoS
component with a significantly higher strength as compared to the other multipath
components. The Rician fading depends upon the parameter K or the Rician K-
factor which is defined as the ratio of the power of the LoS component to that of
the variance of the multipath components and is given by the expression
K(dB) = 10 log10
(
A
2σ2
)
, (24)
where A is the field strength of the LoS component and σ2 refers to the variance.
The PDF and CDF are given by the expressions
PDF : p(r) =
{
r
σ2
exp
(
− (r2+A2)
2σ2
)
I0
(
Ar
σ2
)
for (0 ≤ r ≤ ∞)
0 for (r < 0)
, (25)
where I0 is a zeroth order Bessel function of the first kind.
CDF : P (r) = 1−Q
(
A
σ
,
r
σ
)
, (26)
where Q refers to the Marcum Q function.
2.11.2 Doppler dispersion
The Doppler effect refers to the shift in the frequency of the transmitted signal at
the receiver due to its relative motion with respect to the transmitter. The impact
of Doppler shift differs for each multipath component and depends on the direction
of movement.
Fig. 8: Doppler effect [4].
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Consider a receiver moving with a velocity v in a given direction with respect to a
transmitter located at a distance from it as shown in Fig. 8. At a given time instant,
the receiver is at a location X and receiving the transmitted signal with phase φi.
If the receiver is stationary, there is no phase change as the path length remains
constant. If the receiver moves to a point Y in time δt such that the distance be-
tween the points X and Y is d, there is a variation in the path length between the
Tx and Rx. If the receiver moves away from the transmitter, there is a delay in the
received phase at point Y as compared to the signal at point X. Due to this, the
rate of phase change is reduced and hence, there is a decrease in the frequency. If
the receiver moves towards the transmitter, the opposite effect takes place resulting
in an increased phase change and thus an increase in frequency. This effect can be
explained mathematically as follows.
If the path difference for the two paths between the transmitter and receiver is given
by ∆l, it can be expressed as ∆l = d cos θ where θ refers to the angle between the
path and the ground in the direction of receiver movement as shown in Fig 8. Hence,
the phase difference at the receiver is given by
δφ =
2pi∆l
λ
=
2pivδt
λ
cos θ (27)
where v is the velocity of the receiver.
Hence, the variation in frequency is given by differentiating the phase w.r. to time
as
δf =
1
2pi
δφ
δt
=
v
λ
cos θ (28)
This variation in frequency is called the Doppler frequency and as it an be seen,
depending upon the direction of movement, δf is positive or negative, thereby in-
creasing or decreasing the frequency. Two parameters called Doppler spread and
coherence time are used to characterize the Doppler effect. When a receiver is mov-
ing with a relative velocity with respect to the transmitter, the Doppler shift fd is
calculated based on the above formula. The spectrum of the received signal around
a carrier fc has components varying from fc − fd to fc + fd. This corresponds to a
bandwidth, Bd = 2fd and is known as the Doppler spread. If the relative velocity
changes, the Doppler shift and hence, the Doppler spread varies.
To characterize the time variation of the frequency dispersiveness of the channel, a
parameter called coherence time is introduced. This depends upon the maximum
Doppler shift which is in turn dependant upon the relative velocity of the receiver.
The coherence time is proportional to the inverse of the maximum Doppler shift and
as a rule of thumb, is given by the formula [4]
Tc =
√
9
16pifm
2 (29)
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Based on the Doppler shift, the small scale fading is characterized as slow fading and
fast fading. Fast fading occurs when the coherence time is smaller than the symbol
duration and the channel impulse response will have rapid variations within the
symbol duration. In case of slow fading, the effect of the Doppler shift is negligible
as the variation of the channel impulse response is slow compared to the symbol
duration i.e. the symbol duration is smaller than the coherence time.
2.11.3 Delay dispersion
When multipath propagation occurs in the environment, due to the different path
lengths travelled by the various components, the arrival time at the receiver is dif-
ferent for each path. Due to this, there is a time dispersion as various components
of the same signal arrive at the receiver with different signal strengths and time
delays. If some multipath components are delayed more than the time window at
the receiver, then intersymbol interference occurs as the delayed component of the
previous signal affects the next received symbol. Hence, delay dispersion modelling
plays an important role in channel characterization as it also affects the system de-
sign.
The delay dispersion is characterized by three parameters namely, excess delay, the
mean excess delay and root mean squared (RMS) delay spread. The excess delay is
a parameter which is defined to compute the maximum delay of a multipath compo-
nent with respect to the first arriving component such that they are above a certain
power threshold with respect to the component with maximum signal strength. The
excess delay can be calculated for various power threshold levels thereby providing
for a detailed analysis of the channel characteristics.
The mean excess delay is defined by the formula
τ =
∑
k P (τk)τk∑
k P (τk)
(30)
From the above expression, it can be observed that the mean excess delay is the
first order moment of the power delay profile which denotes the power levels of the
various multipath components with respect to the delay.
The RMS delay spread is defined as the square root of the second central moment
and given by the expression,
στ =
√
τ 2 − (τ)2, (31)
where
τ 2 =
∑
k P (τk)(τk)
2∑
k P (τk)
. (32)
In the above equations, τk refers to the excess time delay of the kth component with
respect to the first component at the receiver (τ0). P (τk) refers to the relative power
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level of the received signal which is normalized to the peak value [4].
In case of a signal with various frequency components, the fluctuation in amplitude
of each frequency component is different. This is known as frequency fading. A
parameter called coherence bandwidth is used to characterize the frequency fading.
The coherence bandwidth of the channel is inversely proportional to the RMS delay
spread. It refers to the maximum separation between two frequency components at
the receiver which are correlated in amplitude. i.e. the signals within the coher-
ent bandwidth are affected in the same manner in the channel. The attenuation of
the signal by the channel remains constant while the phase varies linearly. Hence,
a signal whose bandwidth is larger than the coherence bandwidth of the channel
undergoes different levels of fading at different frequencies whereas a narrow band
signal whose bandwidth is less than the coherence bandwidth undergoes similar
type of fading. The coherence bandwidth can be determined approximately from
the RMS delay spread for different correlation levels as Bc =
1
50στ
for an amplitude
correlation of 0.9 and Bc =
1
5στ
for an amplitude correlation of 0.5 [4].
Hence, based on the coherence bandwidth, small scale fading can be characterized as
flat fading and frequency selective fading. Flat fading occurs when the signal band-
width is smaller than the coherence bandwidth and hence the delay spread is less
than the symbol period. Such channels which undergo flat fading are referred to as
narrowband channels. Frequency selective fading occurs when the signal bandwidth
is greater than the coherence bandwidth and the delay spread is greater than the
symbol duration. When the signal bandwidth significantly exceeds the coherence
bandwidth, the channel is called as a wideband channel.
In case of flat fading, the entire signal may undergo deep fades and hence sufficient
fade margin is required to overcome the deep fade. The entire signal is affected in
the same manner and attenuated while retaining the shape of the envelope in the
frequency domain. In frequency selective fading, since each frequency component is
affected differently, it results in change in the spectrum of the received signal and
the signal is distorted resulting in intersymbol interference.
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3 UAV communication channels
3.1 Unmanned aerial vehicles
An unmanned aerial vehicle (UAV) is a device which functions either autonomously
or by the remote control of a navigator. It is defined as a “powered, aerial vehicle
that does not carry a human operator, uses aerodynamic forces to provide vehicle
lift, can fly autonomously or be piloted remotely, can be expendable or recoverable
and can carry a lethal or non lethal payload” [8].
3.2 Operation of UAV relay links
The aerial links can be broadly classified into two aspects namely, air-ground com-
munications and air-air communications. UAV applications in general like recon-
naissance, aerial surveying, remote sensing, exploration etc. require communication
of data from the UAV to the ground. Along with the transmission of payload data,
command and control operations also need to be performed between the ground con-
trol and the UAV. All these operations require reliable air-ground communications
and there are already available models for propagation in the air-ground scenario.
These models are available for a wide range of frequencies and can hence be used to
model the links between the air and ground.
The use of UAVs and other aerial devices for relay links are an emerging technology
and hence require the channel to be characterized for establishing communication
links. As detailed in the following section, proposed models for characterizing air-
air links are available based on theoretical models but the models are not validated
with either numerical simulations or measurements. The thesis involves character-
izing and validating the theoretical model with using ray tracing.
The following section provide an insight into the propagation channel characteristics
and models available for both air-ground and air-air communication links.
3.3 Literature survey
The air-ground communication links provide for two types of links namely, one for
transmission of payload information to the ground center which may be of high
capacity based on the requirement and another for command and control. The
command and control link could be established directly during take off and landing
scenarios and then via satellite when the UAV is in operation depending upon its
operational scenario [9].
In [9], both the air-ground and air-air links are considered and channel models are
proposed for various operational scenarios like parking and taxi environments, take-
off and landing and en-route scenarios. The paper also suggests typical and worst
case parameters for the links based on measured data. From the proposed model,
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flat and frequency selective fading channel emulators are derived and implemented
in software and hardware. It deals with small area characterization dealing with
propagation upto a few wavelengths. The propagation channel for the air-air links
in the en-route scenario is characterized as a multipath channel with a LoS compo-
nent and reflected delayed paths. The propagation channel is characterized as a two
ray model and the fading is characterized using the Ricean distribution. For simplic-
ity, the direct path modelled as a constant process and the reflected component is
modelled as a Rayleigh process based on [10]. The typical Ricean K-factor which is
a measure of the strength of the LoS component over that of the multipath compo-
nents is computed as 15 dB for the air-air links. The Doppler effect is considered for
a maximum velocity of 620 m/s for the air-air links and a non isotropic probability
density function (Jake’s distribution) is provided for the Doppler spread. Delays
upto 1 ms and more are also possible for air-air links. The main frequency range for
the discussion is at the VHF frequencies (118 to 137 MHz) and channel simulations
are also performed for Orthogonal Frequency Division Multiplexing (OFDM) at 5
GHz with a bandwidth of 492 kHz. For the thesis, a large area characterization is
required at 2.3 GHz. The characterization of the proposed multipath two ray model
and the Doppler spread can be considered as an initial model for the propagation
channel design.
The bit error rate (BER) performance of an 802.11a OFDM system at 5 GHz is
analyzed in [11]. The OFDM communication is suggested for UAV swarms for
communication between UAVs. The UAVs are considered to travel at a maximum
relative velocity of 222 m/s and BER simulations are performed over an additive
white gaussian noise (AWGN) channel as well as a frequency selective Rayleigh fad-
ing channel. The channel is frequency selective over the entire bandwidth but flat
fading occurs over each sub-carrier. The simulation results show that for OFDM,
there is a negligible effect in the performance of an AWGN channel and a 2 dB loss
with a bit rate of 3 × 10−5 when the channel undergoes frequency selective fading.
The air - air channel is characterized to have a large Doppler shift due to high speed
of the UAVs, short coherence time and large inter carrier interference (ICI). There
is also a loss of sub-carrier orthogonality and degradation of the ICI.
In [12], statistical models are provided for air-ground communications in urban en-
vironments. Terrain, building and foliage data for a 1.4 km × 1.4 km area in central
Bristol was considered in developing the model. A mean building height of 11.7
m covering 28% of the total area and hilly terrain of standard deviation 17.5 m
are considered. Crossed dipoles with circular polarization are used at the transmit-
ter. For ray tracing simulations, the mobiles are located 1.5 m above ground level
along with 9 aerial transmitters at 100 m height and path loss and shadowing angle
are evaluated as a function of the elevation angle using a 3D outdoor ray tracing
model. Various scenarios like LoS, Obstructed LoS (OLoS) and non-LoS cases are
considered and mean path loss and shadowing models are derived. Simulations are
performed at five frequencies between 200 MHz and 5 GHz (200 MHz, 1, 2, 2.5 and
5 GHz) to obtain spatial and temporal multipath data, Rician K-factor, RMS delay
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spread and coherence bandwidth. The ray tracing simulation is followed by the
development of the statistical model. It is observed that the reflection, diffraction
and foliage losses increase with frequency.
Analysis of an OFDM based wireless broadband system which uses air-ground UAV
links is presented in [13]. Experimental data is used to characterize the wireless
broadband system. The UAV operates at a speed of 60 km/h and an altitude of
30 m. An adaptive 5× 5 antenna array with vertical beam pattern is proposed for
the air-ground link operating at 2.5 GHz. It is also observed that as the altitude
increases, the data rate decreases.
In [14], a self configuring mesh network of micro UAVs is proposed and is simulated
at the WLAN frequencies of 2.4 and 5.2 GHz. It considers microscopic, macroscopic
and cluster movement of UAVs and assesses cognitive mobility models based on
Received Signal Strength Identifier (RSSI). A log-normal channel is used to char-
acterize slow fading for the inter-drone links operating at 30 to 800 m height in
industrial and suburban areas and multipath fading is considered negligible at these
operational heights.
The outage probability and bit rate are computed in [15] for a multi-carrier aerial
relay using UAVs. Five different cases of varying fading parameters are considered
and the channel model is computed analytically and the outage probability and BER
are simulated. The simulations are performed at 2.4 GHz over a bandwidth of 80
MHz. At low altitudes and crowded areas, the Rayleigh fading model is considered
and at higher altitudes, the Nakegami-m and Weibull fading as detailed in [16] are
considered with large values of fading parameters.
The impact of ICI and noise on channel estimation is analyzed and the channel
impulse response is obtained in [17]. It discusses the propagation aspects as in [9]
having parking, taxi, arrival and en-route scenarios with a velocity of 440 m/s for
the en-route scenario. A theoretical model is developed and the signal to interfer-
ence ratio (SIR) is simulated with respect to the frequency of upto 6 GHz and the
normalized ICI is analyzed. A two ray model as proposed in [9] has been used and
it is found that the SIR in the en-route case decreases due to large Doppler shift as
compared to the other scenarios. There is also a rapid decline of the SIR below 2
GHz and also decline of ICI.
In [18], the air-ground communications between a micro-UAV and the ground is con-
sidered. An altitude of 150 to 500 m is considered for the measurements. Balloons
are also used upto 500 m height. Measurement data is compared with analytical
and simulation results and coverage analysis is provided for cellular networks for
both rural and urban environments. The measurements are performed at GSM and
UMTS cellular frequencies of 900 MHz and 1.9 to 2.2 GHz. To model the prop-
agation channel, the Okumara-Hata, COST-Hata and the COST Walfish-Ikegami
model are considered. At higher altitudes, the multipath components in the near
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vicinity of the ground are considered together with the LoS path and hence, the
Friis formula with a path loss exponent of 2.5 is used to compute the pathloss. It
is also observed that the common channel models used for terrestrial cellular com-
munications are not useful for UAV air-ground links. In rural areas, it is observed
that the received signal strength falls linearly with higher altitudes. The ray tracing
results are useful for altitudes below 270 m height and the pathloss results are also
comparable to the Okumara-Hata model.
From the above, the following inferences can be made:
• The altitude of the UAV determines the coverage area on the ground. Hence,
the altitude is to be chosen such that only the required area is covered to avoid
interference.
• The air-air relay channel has large Doppler shifts when the UAVs are oper-
ational and hence, the Doppler shift should be characterized and taken into
account while designing the system. The coherence time is short and hence,
the ICI is high.
• In characterizing the propagation channel models, a two ray model is proposed
and Ricean distribution is used to characterize the multipath fading. The LoS
component is characterized as a constant process and Rayleigh process is used
to characterize the diffuse component.
• At high altitudes, the Weibull and Nakegami-m distributions with large values
of fading parameters are used to characterize the fading.
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4 Ray tracing analysis
4.1 Introduction to ray tracing
Characterization of the propagation channel can be performed computationally us-
ing either full wave electromagnetic simulations which are computationally intensive
or ray tracing simulations which approximate ray theory for channel characterization
at wireless communication frequencies. These simulations help in providing a basis
for measurements as well as provide for statistical parameters regarding the channel.
In case of optics, the wavelength of the signal is very small and hence can be mod-
elled as rays. Whenever the light ray intersects an object, due to the very small
wavelength, the surface of the object appears rough to the incident wave and thus
the light is scattered. When we consider microwave signals or signals with longer
wavelengths compared to that of optical wavelengths, it is difficult to perform full-
wave electromagnetic simulations to numerically solve for Maxwell equations con-
sidering the environment as the computational domain is very large. Hence, an
approximation to optics is considered and ray-tracing methods are used to model
the propagation scenarios.
In ray-tracing, the various paths which the signal takes from the transmitter to the
receiver are considered. These paths primarily comprise of the direct path between
the transmitter and the receiver, the specular reflected components from the obsta-
cles and the diffracted components from sharp edges. The received electric field due
to each of the components is computed with both the amplitude and phase and then
combined to compute the received field at the receiver. To make the simulation re-
sults accurate, the effect of scattering and depolarization of the signal is to be taken
into account.
The ray-tracing methods can be broadly classified into two major techniques namely
the imaging method or the ray-launching method. In the imaging method, the
various paths between the transmitter and the receiver are identified. The direction
of the reflected wave from any surface is then computed based on the method of
images. The overall received power is hence computed at the respective frequency
thus determining the propagation characteristics. In the ray-launching method, rays
are launched from the transmitter in all directions with a fixed angular separation
and the path of the rays between the transmitter and the receiver is computed. The
receiver is considered as a sphere whose radius depends on the Tx-Rx distance and
the angular separation between two consecutive rays and all the rays passing through
the sphere are considered to be received and hence, the total power at the receiver is
calculated. This method is also computationally intensive and requires large amount
of memory as the path of each ray needs to be identified. Characterizing diffracted
rays results in a large number of new rays arising from the corresponding edge of
the surface whose paths need to be traced resulting in increased complexity of the
simulator.
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4.2 Simulations
To model the propagation channel, ray tracing simulations were performed for dif-
ferent scenarios namely the Sendai City terrain, Japan and propagation over the sea
at 2.4 GHz. The terrain used for modelling the Sendai City and sea are as shown
in Figs. 9 and 10. In Sendai City terrain, there are hills at one end of the city with
a height of about 150 m above the sea level. There are sparse amount of buildings
closer to the hills and the other end of the city has an urban environment with
buildings. The terrain is modelled such that the ground is electrically modelled as
earth and the entire structure of the buildings is modelled as concrete. In a real
environment, there will be vehicles, people on the terrain along with vegetation and
trees which may result in variations between the simulations and the actual environ-
ment. Also, the buildings are modelled as rectangular blocks of a specified height
hence is an approximation of the actual structure. This may result in deviations
as the surface of buildings are not smooth in reality but have architectural designs.
The material may also vary due to windows, wood, etc. which will not only change
the electrical parameters but also scatter the incoming wave as the surface is no
more smooth. This also results in depolarization of the incident wave. The surface
of the sea is not smooth but modelled with waves.
Fig. 9: Sendai terrain characteristics.
The simulations were performed at NICT, Japan and the data were processed for the
thesis. For the purpose of simulations, the transmitter and receiver are considered
as stationary and the channel was modelled at various locations along the movement
of the UAV. The distance between the transmitter and receiver is about 3 km. The
simulations are performed for 3 circular paths of the receiver UAVs as shown in Figs.
11 to 13 for both terrains. The UAVs are considered to be circling over the terrain
with a radius of 100 m. The three circular receiver paths are located adjacent to
each other. Assuming a stationary UAV, the transmitter locations are considered
as fixed locations. There are 200 locations considered along each circular receiver
path and 5 closely spaced transmitter locations with a separation distance of 1.25 m
located approximately 3 km from the receiver are selected for the simulations. The
ray-tracing simulations are then performed and the propagation characteristics are
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Fig. 10: Sea terrain characteristics.
obtained for all the Tx-Rx combinations between each of the 5 transmitter locations
and all the receiver locations.
The operation of an aircraft or aerial vehicle is defined using the terrain level as a
reference. Hence, the height of the UAV operation is based on the terrain. Thus
if the two UAVs are operating such that one is operating above the plains and the
other over a hilly terrain, then the actual altitudes of the UAVs will vary.
Fig. 11: UAV paths for Sendai City at 150 m height.
The simulations are performed using a commercial 3D ray tracing software, RapLab,
developed by Kozo Keikaku Engineering (KKE) Inc., Japan. The ray tracing is
performed using the imaging method over the terrain which is imported from the
generated building information. The various paths between the transmitter and
the receiver are considered and the corresponding path loss is computed for each
path. The simulator takes into account the specular reflected components from the
ground and the diffracted components based on uniform geometric theory of diffrac-
tion [3]. The simulator does not take into account the effect of scattering or the
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Fig. 12: UAV paths for Sendai City at 500 m height.
Fig. 13: UAV paths for over the sea scenario.
depolarization of the signal. The transmitter and receiver antennas are considered
to be omnidirectional for the analysis and hence does not take into account antenna
properties like directivity and polarization of the antennas. The reflection coeffi-
cients for the specular components are computed using the dielectric constant of
the incident surface and the computed angle of incidence as given in Section 2.3.
The formulas used for the computation of the reflection coefficient depend upon the
polarization of the incident signal. The ray-tracing simulations are performed for
Horizontal Tx-Horizontal Rx (H-H) and Vertical Tx-Vertical Rx (V-V) polarizations
of the propagating wave.
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5 Propagation channel modelling
5.1 Path loss model and small scale fading
The path loss model for the UAV-UAV communication link is created at 2.4 GHz
from the simulated data using the least squared error (LSE) fit over the sea and
Sendai city terrain at two heights of 150 m and 500 m above the terrain level for
both H-H (Pol - 00) and V-V (Pol - 90) polarizations.
The simulations are performed for the scenario that the transmitter has fixed loca-
tions and the receiver is circling with a radius of 100 m at a distance of about 3
km from the transmitter. The path loss is computed for the corresponding Tx-Rx
distances for H-H and V-V polarizations at 150 m and 500 m UAV heights. The
pathloss model is created by averaging the pathloss over 10 m distances to remove
the effect of small scale fading. It is then computed using the expression given in
Section 2.8
PL(dB) = a(dB) + n10 log d, (33)
where d is the Tx-Rx distance in metres, PL is the path loss for distance d, n refers
to the path loss exponent which depends upon the environment clutter and a refers
to the intercept which the LSE fit makes with the Y axis. The Y -intercept from the
least squared error fit is considered instead of the close-in distance as the distances
considered are only around 3 km.
Table 2: Path loss model parameters at 2.4 GHz for Sendai City terrain
Terrain Height Polarization a n r2 s2
Sendai City
150 m
V-V 96.5831 3.2016 0.0241 4.1615
H-H 69.1331 8.7395 0.5887 0.5341
500 m
V-V 77.1882 7.0105 0.3918 0.7635
H-H 98.1620 2.4121 0.8518 0.0101
Sea
150 m
V-V 77.4870 7.0952 0.0272 18.0074
H-H 90.6647 4.1578 0.0287 5.8602
500 m
V-V 63.7515 10.4555 0.1268 7.4171
H-H 93.1437 3.6464 0.0583 2.1501
Table 2 provides the parameters for characterizing the path loss for all the scenarios
with r2 referring to the correlation coefficient to estimate the quality of the LSE fit
and s2 refers to the variance in error between the individual value and the LSE fit
[19]. Figures 14 to 17 show the path loss for various paths for the different prop-
agation scenarios. The LoS component is always available at the receiver without
any shadowing. From Table 2, it is observed that although certain scenarios exhibit
a higher pathloss exponent, their corresponding Y -intercept is lower. This is due
to the fact that the Tx-Rx distances considered to model the pathloss model lie
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between 2900 to 3150 km. In case of propagation over the sea at 150 m UAV height,
the path loss is periodic in nature as shown in Fig. 16 and is indicative of the two-ray
model.
Fig. 14: Path loss characteristics for Sendai City terrain at 150 m height for H-H
(Pol - 00) and V-V (Pol-90) polarizations.
The small scale fading for the propagation channel for different operating scenar-
ios is characterized by Rician fading since there is a strong LoS path between the
transmitter and receiver with reflected and diffracted components. The Rician K-
factor is computed from the simulated data for various scenarios using Moment
based estimation [20] to describe the strength of the direct component over the
diffuse components. Fig. 18 shows the probability of the Rician K-factors for vari-
ous scenarios over both the Sendai City and sea terrain. The receiver locations for
computing the fading distribution characteristics are selected such that the received
power lies within ±3 dB of the mean signal strength for the selected path. This
is done to select the paths which undergo the same propagation phenomenon for
characterizing the small scale fading.
It is observed that the typical values for the Rician K-factor for propagation over the
Sendai city terrain is maximum for the H-H polarization at 500 m (17 dB) while the
K-factor for the other propagation scenarios is lower (between 10-14 dB) as shown in
Fig. 18. The multipath components comprise primarily of diffracted paths or have
multiple interactions having both reflection and diffraction while few paths undergo
only reflection. The number of propagation paths decreases as the height increases.
The strength of the multipath components is also lower for the 500 m height with
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Fig. 15: Path loss characteristics for Sendai City terrain at 500 m height for H-H
(Pol - 00) and V-V (Pol-90) polarizations.
H-H polarization of the signal. Hence, the K-factor is higher compared to the other
propagation scenarios. The corresponding path loss is shown in Figs. 14 and 15.
For propagation over the sea terrain, the typical value for the K-factor is between
10-12 dB. The fluctuation in the path loss over the sea can be seen in Figs. 16 and
17. The propagation phenomenon over the sea at both heights comprise of the LoS
path, a reflected component and multiple diffracted components from the surface
of the sea. The typical values for the K-factor lie between 10 to 15 dB for all the
propagation scenarios.
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Fig. 16: Path loss characteristics for Sea terrain at 150 m height for H-H (Pol - 00)
and V-V (Pol-90) polarizations.
Fig. 17: Path loss characteristics for Sea terrain at 500 m height for H-H (Pol - 00)
and V-V (Pol-90) polarizations.
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Fig. 18: Small scale fading - probability of Rician K-factors.
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5.2 Delay dispersion
5.2.1 Excess delay
The excess delay of the multipath components arriving at a receiver with respect
to the first arriving component is an important parameter for system design. For
example, the design of OFDM systems require the specification of the guard inter-
val between consecutive symbols so that intersymbol interference is avoided. Hence,
characterization of the excess delay is an important requirement for system design.
The signal strength of the delayed components is lower compared to that of the di-
rect component due to the different phenomenon encountered by the corresponding
component of the signal in its path.
The excess delay of the multipath components within 6, 12 and 18 dB below the
direct component are considered for characterizing the propagation channel. The
guard interval for 802.11 Wi-Fi systems is 800 ns with an optional guard inter-
val of 400 ns for increased throughput [21] and the guard interval (cyclic prefix) for
WiMAX systems depends on the symbol duration and can be varied as 1
4
, 1
8
, 1
16
or 1
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of the symbol duration [22]. Hence, the system design should be such that the guard
interval is sufficient to cover all the delayed multipath components of a given symbol.
The ray tracing simulations for both propagation over both the Sendai city terrain
and sea provides the following results. Figs. 19, 20 and 21 show the excess delay for
propagation at 150 m height above Sendai City for different UAV paths. It is ob-
served that the excess delay for the H-H polarized components upto 18 dB below the
direct path signal power varies between 37 to 55 ns for paths U1, U2 corresponding
to an additional path length of 11.1 and 16.5 m respectively. The multipath com-
ponents for the UAV paths U1 and U2 are similar with direct and ground reflected
or diffracted rays. Due to the presence of hilly terrain and buildings, the height
of the point of contact with the ground is higher than that of the sea level. For
certain propagation paths, there are no multipath components upto 18 dB below
the direct path and hence, only the direct path exists. When the receiver moves in
path U2, for the V-V polarized signal, it can be observed that in addition to the
delayed paths similar to those of horizontal polarization, there is an additional path
with signal strength between 12 to 18 dB below the direct path at around 120 ns
excess delay (additional path length 36 m) at some receiver locations. These types
of path occurs due to an additional reflection occurring from the ground between
the transmitter and receiver along with an initial diffraction as shown in Fig. 22,
i.e., the ray interacts with two objects on the ground instead of a single object.
The propagation over receiver path U3 at 150 m height over the city provides for
additional propagation paths between the transmitter and the receiver. Some mul-
tipath components are delayed by an excess delay of upto 460 ns for horizontal
polarization of transmitting and receiving fields due to multiple interactions with
objects on the ground between the transmitter and receiver as shown in Fig. 23.
In case of V-V polarization of transmitting and receiving fields, for few paths, the
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Fig. 19: Excess delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=150 m.
signal travels an additional distance of about 1 km beyond the transmitter as shown
in Fig. 24 and undergoes both diffraction and reflection before arriving at the trans-
mitter with a delay of 7.97 ms. These delayed paths have a signal strength between
12 to 18 dB below the direct component. These type of paths also occur for the
H-H polarized propagation at 150 m height but the signal strength is lower than 18
dB below the maximum signal strength.
When the UAVs are operating at a height of 500 m above the ground over Sendai
City, the excess delay varies between 490 to 570 ns as shown in Fig. 25 correspond-
ing to an additional path length of 147 m and 170.9 m. The H-H polarized signal
has only a multipath component 12 to 18 dB below the direct ray whereas the V-V
polarized component has multipath components with signal strengths upto 18 dB
below the direct component.
For the propagation over the sea at 500 m, there are rays which are reflected /
diffracted (due to waves) from the surface of the sea along with the direct compo-
nent which constitute the propagation paths between the transmitter and receiver.
The excess delay of the multipath components varies between 523 to 568 ns and
the signal strength upto 18 dB below the direct component for both H-H and V-V
polarization. In case of V-V polarization, there are more paths with signal strength
upto 6 dB below the direct component whereas they occur for very few paths in case
of horizontal polarization. At 150 m height, the excess delayed component arrives
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Fig. 20: Excess delay for UAV path U2 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=150 m.
between 47 to 53 ns at the receiver due to ground reflections / diffractions from
the sea level. The signal strength of the H-H polarized component is between 12
to 18 dB below the direct component whereas the signal level is higher for the V-V
polarized multipath components with the excess delay varying upto 58 ns.
Hence, it is observed that when the propagation is over the Sendai City terrain, at
larger heights (500 m), the strength of the multipath components is lower compared
to that at 150 m. Although the excess delay is smaller for most scenarios at 150
m height, there are some paths with very large excess delays. In case of propaga-
tion over the sea, the multipath components for H-H polarization have lower signal
strength as compared to the V-V polarization as shown in Figs. 26 and 27.
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Fig. 21: Excess delay for UAV path U3 for H-H (Pol - 00) and V-V (Pol - 90) over
Sendai City at H=150 m.
Fig. 22: Propagation paths for path U2 between Tx 1 and Rx 138 over Sendai City
at H=150 m for V-V polarization.
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Fig. 23: Propagation paths for path U3 between Tx 1 and Rx 14 over Sendai City
at H=150 m for H-H polarization.
Fig. 24: Propagation paths for path U3 between Tx 1 and Rx 50 over Sendai City
at H=150 m for V-V polarization.
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Fig. 25: Excess delay for UAV path U2 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=500 m.
Fig. 26: Excess delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over the sea at H=150 m.
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Fig. 27: Excess delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over the sea at H=500 m.
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5.2.2 RMS delay spread
The RMS delay spread for various propagation scenarios is characterized to model
the time dispersion. A power threshold of 30 dB below the signal strength of the
direct component is used for the computation of the RMS delay spread. The coher-
ence bandwidth, which determines the type of fading (flat or frequency selective)
between two adjacent frequencies, is then determined for system design using the
expressions in Section 2.11.3. The RMS Delay spread for the Sendai City terrain
for the UAV paths U1 and U2 are similar with a maximum delay spread of 25 ns
for H-H polarization and about 30 ns for V-V polarization as shown in Fig. 28. Due
to the additional delayed paths for receiver path U3 as shown in Figs. 23 and 24,
the delay spread is greater for UAV path U3 with a maximum delay spread of 1 ms
for H-H and 1.7 ms for V-V polarizations. For propagation at 500 m height over
the city, the delay spread varies upto 145 and 260 ns for H-H and V-V polarizations
respectively for all the three receiver paths.
Fig. 28: RMS delay for UAV path U2 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=150 m.
The RMS delay spread for propagation over the sea is similar for all three receiver
paths. From Fig. 31, it is observed that the maximum delay spread is 262 and 278 ns
respectively for both H-H and V-V polarizations respectively at 500 m height. The
large RMS delay spread is due to the multipath signals with high signal strengths
for both polarizations. In case of propagation at 150 m height, the peak RMS delay
spread is at 23 and 25 ns for H-H and V-V polarizations respectively as shown in
Fig. 32.
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Fig. 29: RMS delay for UAV path U3 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=150 m.
Table 3: RMS delay spread vs coherence bandwidth for correlation of 0.9
RMS delay Coherence bandwidth
25 ns 800 kHz
30 ns 666.67 kHz
150 ns 222.22 kHz
270 ns 123.46 kHz
1000 ns 20 kHz
1700 ns 11.76 kHz
Table 3 shows the coherence bandwidth for a correlation of 0.9 for RMS delay
spreads observed in the propagation between UAVs. It can be observed that the
coherence bandwidth is typically very high for propagation at 150 m height as the
RMS delay spread is very small. The coherence bandwidth is very small for a few
propagation paths in UAV path U3 due to multipath components with significant
signal strengths. The sub-carrier spacing of OFDM systems is compared to the co-
herence bandwidth to predict the type of frequency fading in the channel. In case
of 802.11 Wifi systems, the sub-carrier frequency spacing is 312.5 kHz for OFDM
[21]. For 802.16 WiMAX with a channel bandwidth of 10 MHz and 1024 point
FFT for OFDM [22], the sub-carrier spacing is 10.94 kHz. Hence, it can be seen
that even in the worst case scenario (RMS delay spread of 1700 ns), the sub-carrier
spacing of WiMAX systems is smaller than the coherence bandwidth. Hence, the
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Fig. 30: RMS delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over Sendai City at H=500 m.
frequency selective fading channel can be divided into multiple sub-carriers undergo-
ing frequency flat fading. In case of 802.11g/n systems, due to the large sub-carrier
spacing of 312.5 kHz, only transmissions at 150 m UAV height excluding the worst
case scenario (RMS delay spread of 1700 ns) have sub-carriers which undergo fre-
quency flat fading while all other scenarios exhibit frequency selective fading for the
sub-carriers.
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Fig. 31: RMS delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over the sea at H=500 m.
Fig. 32: RMS delay for UAV path U1 for H-H (Pol - 00) and V-V (Pol - 90)
polarizations over the Sea at H=150 m.
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5.3 Doppler dispersion
The Doppler spread of the frequency during propagation of the two UAVs depends
upon the speed at which the UAV operates. Consider the UAVs to be communicat-
ing at 2.4 GHz and operating with a speed of 120 to 180 kmph (33.3 to 50 m/s).
Since the UAVs, move in a circular path, during one half of the path, the receiver
will be moving away from the transmitter and during the other half, it will be mov-
ing towards the transmitter. Hence, the Doppler shift occurs on both sides of the
center frequency. Considering the maximum speed of operation of the UAVs at 2.4
GHz, the maximum Doppler shift is computed as 266.4 and 400 Hz for 120 and 180
km/h speeds respectively. When the UAV is operating at its maximum speed, the
frequency spreads over a bandwidth of 800 Hz.
The Doppler spread varies for different multipath components arriving at the re-
ceiver. For simplicity, the angle of arrival of the received components is considered
in the elevation plane for all the propagation scenarios as shown in Fig. 33. As the
angle of arrival of the LoS component is close to the azimuth plane, it undergoes
maximum Doppler shift depending upon the direction of motion of the UAV. It is
observed that the angle of arrival of the multipath components is of very narrow
beamwidth except for propagation over the Sendai City at 500 m UAV height. If the
receiver is considered to be moving at constant elevation in the azimuthal plane, the
angle of arrival and hence, the angle between the direction of motion of the UAV and
the multipath component lies within the specified beamwidth. The corresponding
Doppler shifts of the multipath components for different scenarios is given in Table
4. The direction of frequency shift depends upon the direction of motion of the
UAV.
Fig. 33: Angle of arrival in elevation plane.
58
Table 4: Doppler shift of the multipath components for 50 m/s UAV speed
Terrain Height Polarization Angle of arrival Doppler shift (Hz)
Sendai City
150 m
V-V 96◦ - 104◦ 388.12 - 397.81
H-H 96◦ - 106◦ 384.5 - 397.81
500 m
V-V 109◦ - 118◦ 353.18 - 378.21
H-H 109◦ - 118◦ 353.18 - 378.21
Sea
150 m
V-V 94◦ - 100◦ 393.92 - 399.03
H-H 95◦ - 97◦ 398.48 - 397.92
500 m
V-V 106◦ - 110◦ 375.88 - 384.5
H-H 106◦ - 110◦ 375.88 - 384.5
The sub-carriers in OFDM systems are sensitive to Doppler shift. A shift in the sub-
carrier frequency affects the carrier spacing and hence the symbol duration which is
inversely proportional to it. This results in ICI in adjacent sub-carriers [23],[24]. The
product of the Doppler shift (fd) and symbol duration (Ts)is used to characterize the
impact of frequency dispersiveness of the channel. The symbol duration of 802.11g
systems is 4 µs and 3.6 µs for systems with shorter guard interval. This results in
an fdTs of 0.0016 and 0.0014 respectively. In case of 802.16e with a 1024 point FFT
and 10 MHz bandwidth, the symbol duration is 91.4 µs which results in an fdTs of
0.036. Due to the larger values of fdTs for 802.16 systems (> 0.01), synchronization
errors may occur resulting in shifting of the local oscillator frequency at the receiver
thereby resulting in ICI.
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6 Conclusion
The aim of the thesis was to characterize the propagation channel between UAV re-
lays to establish reliable communication systems for deployment during emergency
scenarios. The possibility of deploying such unmanned airborne systems is gaining
traction especially by regulatory authorities and governmental agencies to provide
communication to the users in the affected region.
In the thesis, first, the background and need for establishing UAV communications
in emergency scenarios was established describing the challenges and requirements.
The necessity of modelling the propagation channel between the UAVs for aerial
links was also established with the requirements for modelling the channel. Then,
the basic propagation mechanisms and the theory behind modelling the propagation
channel have been discussed in Chapter 2 followed by discussion on UAV communi-
cations with emphasis on UAV-UAV relay links in Chapter 3. Previous work done
to describe the propagation channel model were discussed in detail to obtain back-
ground information for the channel analysis.
Then, ray tracing analysis was performed at 2.4 GHz using the imaging method us-
ing a RapLAB, a commercial ray-tracing simulator at NICT, Japan for propagation
over the Sendai City terrain in Japan and over the sea. The ray tracing simulations
were performed at 150 m and 500 m height above the terrain level as described in
Chapter 4 to understand the effect of the height on the propagation channel and the
effect of propagation of both horizontal - horizontal and vertical - vertical polariza-
tions were analyzed.
The propagation channel was modelled for the simulated scenarios and the results
were described in Chapter 5. The major parameters to characterize the channel, i.e.
the path loss model, small scale fading, RMS delay spread, excess delay and Doppler
spread were analyzed for the the different propagation scenarios. The path loss for
the different scenarios were analyzed and the path loss for each Tx-Rx combination
was computed and found to be close to the free space path loss as the LoS com-
ponent is always available at the receiver. The small scale fading which occurs due
to the presence of multiple paths between the transmitter and the receiver is then
characterized using the Rician distribution. In case of propagation over Sendai City,
propagation at 500 m height with H-H polarization provides with typical K-factor of
17 dB while the other scenarios have lower K-factors indicating the stronger effect
of multipath components. In case of propagation over the sea, the K-factor typi-
cally varies between 10-12 dB. The delay dispersion was then analyzed and both
the excess delay and RMS delay spread for the different scenarios were discussed.
The excess delay of the multipath components shows that at lower UAV heights, the
signal strength of the delayed components is higher due to large number of diffracted
paths. The typical excess delay is lower at 150 m height due to the small additional
distance travelled by the multipath components but certain propagation paths in
Sendai City scenario have very large excess delay due to undergoing multiple inter-
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actions with objects on the ground. At larger heights of 500 m, the propagation
phenomenon is similar for all paths and hence, all the excess delayed paths arrive
within the 570 ns for a propagation distance of about 3 km. The signal strengths of
the delayed multipath components is lower for the H-H polarized components than
that of the V-V polarized components. Then the effect of Doppler shift based on
the UAV operating speeds was discussed.
Table 5: Summary of crucial parameters for channel modelling
Terrain Sendai City Sea
UAV
Height
150 m 500 m 150 m 500 m
Polarization H-H V-V H-H V-V H-H V-V H-H V-V
Pathloss Y -
intercept
69.13 96.58 98.16 77.19 90.66 77.49 93.14 63.75
Pathloss
exponent
8.74 3.2 2.41 7.01 4.16 7.1 3.64 10.46
Ricean K-
factor
11-13 dB 10-12 dB 16-18 dB 12-13 dB 9-15 dB 9-12 dB 12-13 dB 11-13 dB
Excess de-
lay 12 dB
95 ns 95 ns - 570ns - 55 ns 565 ns 565 ns
Excess de-
lay 18 dB
461 ns 7970 ns 570 ns 570 ns 52 ns 57 ns 565 ns 565 ns
RMS delay
spread
1000 ns 1700 ns 145 ns 260 ns 24 ns 26 ns 260 ns 280 ns
A summary of the crucial parameters required for modelling the Sendai City and the
sea terrain are listed in Table 5. The transmitted power for communication systems
should be such that sufficient margin is available to overcome pathloss and fading.
The guard interval of 802.11g systems (800 ns) is sufficient for most propagation
scenarios except when propagation paths have long excess delays (Sendai City UAV
path U3) while the optional 400 ns guard interval is not sufficient for transmission
at larger UAV heights (500 m). The guard interval (cyclic prefix) of 802.16 WiMAX
can be selected to overcome the excess delayed paths for all the scenarios. The sub-
carrier spacing for WiMAX systems can be designed for frequency flat fading for each
sub-carrier and with frequency selective fading over the entire channel. The same
is applicable for 802.11 OFDM systems only for propagation at lower UAV heights
(150 m) without considering the worst case scenario of certain paths in Sendai city
terrain for UAV path U3. Due to the large symbol duration of 802.16 systems, there
may be synchronization errors resulting in ICI whereas this is not a major concern
for 802.11 systems due to their comparatively smaller symbol durations.
6.1 Future work
Although simulations have been performed to obtain an understanding of the prop-
agation phenomenon and channel characteristics for the UAV-UAV relay links, mea-
surements are required to validate the simulated data. Measurements are to be done
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in Hawaii, USA with corresponding ray-tracing simulations to validate the simula-
tions as well as to develop a final propagation model for system design. The designed
propagation model is then used to design communication systems for the relay links
to provide communication in disaster struck areas.
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